a Antwerp and b Ghent , Belgium neme intelligibility assessment is only reliable and clinically relevant in patients with a slightly to moderately decreased overall intelligibility level.
Introduction
Increasing intelligibility is considered as the fundamental goal of therapeutic intervention and consequently intelligibility as the most important measure for speech disorders [1] [2] [3] . Intelligibility can be measured at several linguistic levels and by means of several different formats, e.g. rating scale, multiple choice, transcription, and so forth. However, intelligibility assessments are generally designed to provide the clinician an overall index of severity and an objective measure of influence of the speech production deficit on a listener [3, 4] . Intelligibility tests also make it possible to quantify changes in speech production skills secondary to disease progression, spontaneous recovery and/or intervention. Although overall intelligibility measures do provide relevant and important information, they do not allow selection of intervention targets [3, 4] . To develop a suitable management strategy, the intelligibility measure should be supplemented with an overview of features affecting intelligibility. It has been argued that a well-constructed, standardized intelligibility assessment can be used to extract detailed information of phonetic features that account for impaired intelligibility [4] . The most widely known intelligibility tests allowing for such a segmental analysis are probably the Multiple Choice Word Intelligibility Test and the Paired Word Intelligibility Test [4] which are designed specifically for intelligibility testing in dysarthria. Other tests developed for the same purpose are the Swedish Intelligibility Test of Lillvik et al. [5] , the Phoneme Identification Task [6] and the Dutch Intelligibility Assessment (DIA) [7] . Of course, detailed information about impaired phonetic features only makes a relevant contribution to management decisions if the information is reliable. Or in other words, such a segmental analysis is only clinically relevant if there is sufficient inter-and intra-rater agreement for phoneme identification, independently whether the perceived phoneme corresponds with the target phoneme or not. In case that the target phoneme /p/ is perceived as a /p/ by one clinician, as a /b/ by another clinician and as a /m/ by still another one, the intervention targets based on the segmental analysis would differ from clinician to clinician. Consequently, a considerable degree of inter-and intra-rater agreement for exact phoneme identification is needed.
Although highly important and clinically relevant, literature reveals limited information concerning the reliability of segmental analyses based on phoneme or word intelligibility assessments. A study of Bunton and Weismer [8] revealed information about the reliability of error rates for each of the 19 phonetic contrasts investigated by the Multiple Choice Word Intelligibility Test [4] . Strong inter-and intra-rater agreement were found for the speech productions of 25 dysarthric speakers and 10 normal subjects. In contrast, Lillvik et al. [5] found low inter-and intra-judge agreements for the segmental analysis of 9 dysarthric speakers based on a computerized word and sentence intelligibility assessment. In addition, the agreement increased with increased intelligibility, suggesting that management targets based on a segmental analysis of an intelligibility assessment are only valuable and relevant if the speaker has a certain degree of intelligibility. However, Whitehill and Ciocca [2, 9] also reported strong point-to-point reliability for the transcription of 100 single words produced by Cantonese speakers with cerebral palsy. In conclusion, the available data are limited and heterogeneous.
The purpose of the current study is to investigate whether and to which extent segmental analyses based on a standardized phoneme intelligibility assessment are reliable. Or in other words, is there a sufficient degree of inter-and intra-rater agreement for exact phoneme identification? The hypothesis that there may be a relationship between the phoneme intelligibility of a speaker and the inter-rater agreement for phoneme identification for that speaker was also investigated.
Subjects and Methods
Subjects 30 subjects participated in this study (13 women, 17 men; 12-85 years of age). The subjects included 11 persons with dysarthria associated with various aetiologies, 9 persons with laryngectomees (7 total, 2 partial) and 10 subjects with impaired speech secondary to hearing impairment. The speakers represented a wide range of severity. The patients all signed an informed consent, which has been approved by the Ethical Committee of the Antwerp University Hospital.
Listeners
Since error analyses of speech are usually performed by clinicians, experienced listeners were preferred above naive judges. Nine experienced judges between 23 and 58 years of age were selected. The speech-language pathologists all worked on a daily basis in a rehabilitation centre and had at least 3 years of experience with the speech pathologies included in this study. The selected clinicians had no history of hearing loss.
Intelligibility Assessment
For this study the DIA [7] was used. The DIA was constructed to measure intelligibility at phoneme level and to give the clinician an overview of segmental articulatory errors made by the speaker.
Speakers are recorded while reading a series of 50 consonantvowel-consonant words. The 50 test items are separated in 3 subtests: subtest A (19 words) assesses all initial consonants, subtest B (15 words) all final consonants, and subtest C (16 words) all medial vowels and diphthongs of Dutch. For each test item the judges view a word frame such as '.it' (in case that the initial consonant is the target phoneme) and are asked to identify the missing phoneme. Since the phonemes of which the listener can choose from are presented next to the frame, the DIA uses a forced choice format. However, since all Dutch phonemes that may occur in a specific word position are presented, the listener is not limited in his or her choice. The listener also has the opportunity to indicate an omission. All frames are selected so that a variety of real-words and well-pronounceable non-words are possible. Well-pronounceable non-words that follow the phonotactics of Dutch are included to limit the predictability of the test items. The non-words are evaluated by both speakers and listeners and did not cause difficulties in pronunciation or in judging. To limit the clinician's familiarity with the test items, there are 25 equivalent versions of each subtest available. As all Dutch phonemes are systematically assessed, a meaningful qualitative analysis can be performed. Since all Dutch phonemes are assessed, it may be assumed that the DIA is appropriate for different types and subtypes of pathological speech, e.g. dysarthric speech, speech of hearing-impaired persons, speech of laryngectomees, and so forth.
Speech Sample Procedures
Speech samples were made of the DIA [7] . To avoid listeners' familiarization with the test items, the three subtests of the DIA were chosen randomly. Audio recordings were made by means of a Mini-disc (Sony, MZ-R700). For all subjects the mouth-to-microphone (Sony ECM-717) distance was determined at 300 mm. The recordings were made in a quiet environment. By using the Mini-disc, digital samples with a high sampling frequency (44 kHz) were collected. The digital samples were edited to remove extraneous sounds (e.g. remarks of the examiner), using free available audio editing software: Audacity . Each test item was saved as a separate wave file. The samples were played back by means of the software Winamp (Nullsoft), installed on a notebook (Acer Aspire 1680). As the samples were judged by all the listeners at the same time, 2 speakers (Magic) were used to present the samples at a level of 75-80 dB (SPL). The speaker-to-ear distance was approximately the same for all listeners.
Listening Procedures
All the listeners judged the speech samples of the 30 speakers in one listening session. To determine intra-rater reliability, the 30 speech samples were judged a second time by the same judges with a time interval of more than 1 month. The score sheets of the DIA were used. The judges were asked to encircle the identified phoneme. In case that no phoneme could be perceived at the position of the target phoneme, they were instructed to indicate the symbol 'Ø'. To get familiar with the system, all judges completed a trial sample.
Scoring and Analysing
To calculate the inter-rater agreement for exact phoneme identification, a confusion matrix, including all assessed phonemes at both the vertical and horizontal axis, was constructed for each speaker (separate matrices were used for the 3 subtests). For each target phoneme the matrix indicates which phoneme was perceived by how many judges. Since each target phoneme was only produced once by each speaker and since the samples were judged by 9 judges, the sum across all possible perceived phonemes had to be 9 for each target phoneme. The highest degree of agreement for a certain target phoneme is reached if all judges identify the same phoneme. Whether the perceived phoneme is the target or not does not matter for the degree of inter-rater agreement. For example if the target phoneme is a /d/ but all judges identify a /t/ the highest degree of agreement is achieved and this will reveal important and reliable information for selection of intervention targets.
The same procedure was used for the intra-rater agreement for phoneme identification. Maximum agreement is reached if the judge identified twice the same phoneme for a specific target phoneme, independently of whether it was the target phoneme or not.
The overall intelligibility score of the DIA is calculated as the percentage of correctly identified phonemes. However, since the relationship between inter-rater agreement and degree of intelligibility is addressed for each subtest separately, we calculated the degree of intelligibility for initial consonants (subtest A), final consonants (subtest B) and vowels/diphthongs (subtest C) as the sum of correctly identified phonemes.
Statistical Analysis
The inter-and intra-rater reliability for phoneme identification has been investigated by means of statistics. To define the correlation between overall intelligibility and inter-rater reliability for phoneme identification, a statistical regression analyses (ANOVA) was used. All the analyses were performed by means of SPSS.v14.
Results

Inter-Rater Reliability for Exact Phoneme Identification
The values across judges diverge considerably, depending on the patient. The values range from 0.300 to 0.814 for subtest A (initial consonant), from 0.316 to 0.890 for subtest B (final consonant), and from 0.238 to 0.843 for subtest C (medial vowel). In general the inter-rater reliability for phoneme identification varies between fair and almost perfect. Table 1 presents for each speaker the intelligibility score and corresponding inter-rater agreement ( ) per subtest.
Correlation between Intelligibility and Inter-Rater Agreement for Phoneme Identification
By means of statistical regression analyses (ANOVA), significant correlations (p ! 0.001) between speaker's intelligibility and inter-rater agreement for exact phoneme identification ( ) were found for the three subtests of the DIA. The higher the intelligibility score, the better the inter-rater reliability for the identified phonemes. This is illustrated by figure 1 for subtest A. Similar graphs could be obtained for subtests B and C.
Intra-Rater Reliability for Exact Phoneme Identification
For the intra-rater reliability per judge across all patients, values range from 0.603 to 0.743 for subtest A (initial consonant), from 0.695 to 0.787 for subtest B (final consonant), and from 0.615 to 0.756 for subtest C (medial vowel).
Discussion
The main purpose of this paper was to investigate the reliability of a segmental analysis based on a phoneme intelligibility assessment. To be reliable and clinically relevant, a strong inter-and intra-rater agreement for exact phoneme identification is needed. In case that several judges all identify a different phoneme for a specific tar-get phoneme, the analyses will not be appropriate for selecting intervention targets. However, in case that several judges do identify the same phoneme, which may differ from the target phoneme, the analysis will give the clinician valuable and reliable information for speech therapy. The results of this study reveal that the inter-rater agreement for exact phoneme identification varies among speakers depending on their phoneme intelligibility. The higher the intelligibility of a speaker, the higher the agreement for exact phoneme identification. The results consequently confirm the hypothesis that there is a relationship between the phoneme intelligibility of a speaker and the inter-rater agreement for phoneme identification. The results are also in conformity with the study of Lillvik et al. [5] who found low inter-and intra-judge agreements for the qualitative analysis of a computerized word intelligibility assessment, whereby the degree of agreement increased with increased overall intelligibility. Since the present study confirms the findings of Lillvik's group for a larger number of patients with different speech pathologies, it demonstrates that the correlation between overall intelligibility and reliability of a segmental analysis based on a well-constructed intelligibility assessment is not language-and tool-specific.
The results of this study indicate that in normal conditions (normal speaker and quiet listening environment) the human perceptual system is well able to select and interpret information from the complex acoustic signal produced by a speaker. However, decoding pathological speech seems to be a lot more difficult. Speech perception research has shown that each listener can count on a variety of cognitive-perceptual processes and strategies to deal with variable and degraded acoustic signals [10] . It could be that in an attempt to extract as much information as possible from an impaired speech sample, different listeners use different perceptual strategies. This may result in different perceived acoustic features and/or another match between the perceived acoustic features and their mental templates for segmental events. Further research may give an answer to this assumption.
Since the phoneme intelligibility assessment, as implemented in the current experiment, does not give the listener the opportunity to indicate distortions, the current study does not provide information about the impact of distortions on the inter-rater agreement for phoneme identification. However, it could be expected that the occurrence and prevalence of distortions may affect interrater agreement. It would be interesting to get more insight to this process.
Based on this study it can be concluded that the reliability and consequently the clinical relevance of segmental analyses based on a phoneme intelligibility assessment, developed for that purpose, depends on speaker's intelligibility. In patients with severely decreased intelligibility, clinicians should not restrict therapy to the extracted impaired phonetic features. However, this study also shows that in case of slightly to moderately impaired speech, the segmental analyses of a phoneme intelligibility assessment can be used for selecting targets for speech therapy.
